In most organisms 10-formyl-tetrahydrofolate (10-CHO-THF) participates in the synthesis of purines in the cytosol and formylation of mitochondrial initiator methionyl-tRNA Met . Here we studied 10-CHO-THF biosynthesis in the protozoan parasite Leishmania major, a purine auxotroph. Two distinct synthetic enzymes are known, a bifunctional methylene-tetrahydrofolate dehydrogenase/cyclohydrolase (DHCH) or formyl-tetrahydrofolate ligase (FTL), and phylogenomic profiling revealed considerable diversity for these in trypanosomatids. All species surveyed contain a DHCH1, which was shown recently to be essential in L. major. A second DHCH2 occurred only in L. infantum, L. mexicana and T. cruzi, and as a pseudogene in L. major. DHCH2s bear N-terminal extensions and we showed a LiDHCH2-GFP fusion was targeted to the mitochondrion. FTLs were found in all species except Trypanosoma brucei. L. major ftl − null mutants were phenotypically normal in growth, differentiation, animal infectivity and sensitivity to a panel of pteridine analogs, but grew more slowly when starved for serine or glycine, as expected for amino acids that are substrates in C1-folate metabolism. Cell fractionation and western blotting showed that both L. major DHCH1 and FTL were localized to the cytosol and not the mitochondrion. These localization data predict that in L. major cytosolic 10-formyl-tetrahydrofolate must be transported into the mitochondrion to support methionyl-tRNA Met formylation. The retention in all the trypanosomatids of at least one enzyme involved in 10-formyl-tetrahydrofolate biosynthesis, and the essentiality of this metabolite in L. major, suggests that this pathway represents a promising new area for chemotherapeutic attack in these parasites.
Introduction
Leishmania are group of parasitic protozoa that pose substantial threats to health across a large part of the world. Different species of Leishmania cause a variety of pathologies that range from disfiguring skin lesions to fatal visceral infections. No vaccine is available for leishmaniasis and current drugs suffer from drawbacks such as toxicity, high cost or emerging resistance. Due to such problems, new drugs and new targets for drug development are needed. Historically, folate metabolism in parasitic protozoa has been a rich source of targets for chemotherapy, with folate biosynthesis and Abbreviations: 10-CHO-THF, 10-formyl-tetrahydrofolate; 5,10-CH2-THF, 5,10-methylenetetrahydrofolate; 5,10-CH THF, 5,10-methenyltetrahydrofolate; FTL, formyl tetrahydrofolate ligase; DHCH, methylene tetrahydrofolate dehydrogenase/cyclohydrolase; PTR1, pteridine reductase 1; SHMT, serine hydroxymethyltransferase; GCC, glycine cleavage complex; THF, tetrahydrofolate; GFP, green fluorescent protein; WT, wild-type.
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In this work we focus on the biosynthesis of 10-formyltetrahydrofolate (10-CHO-THF), which is used in cytosolic purine biosynthesis, or the formylation of the mitochondrial initiator methionyl-tRNA Met to make fMet-tRNA Met [2] (Fig. 1 ). There are two 10-CHO-THF biosynthetic pathways known (Fig. 1 ). One begins with 5,10-methylenetetrahydrofolate (5,10-CH 2 -THF), which arises from serine via serine hydroxymethyltransferase (SHMT), or from glycine by the mitochondrial glycine cleavage complex (GCC). 5,10-CH 2 -THF can be oxidized to 5,10-methenyltetrahydrofolate (5,10-CH THF) by 5,10-CH 2 -THF dehydrogenase (DH), and subsequently hydrolyzed by 5,10-CH THF cyclohydrolase (CH) to yield 10-CHO-THF. These two sequential reactions are mediated by a single enzymatic site, so this bifunctional enzyme is termed DHCH [3] . In a second pathway, formate is added onto THF by an ATPdependent formate-tetrahydrofolate ligase (FTL). In plants and prokaryotes, these enzymes are usually found as bifunctional DHCH and monofunctional FTL enzymes [2, [4] [5] [6] [7] . However, in humans and yeast the DHCH and FTL activities can be joined in a multienzyme polypeptide called the C1-synthase, which in yeast exists in two 10-formyl-THF metabolism in humans and L. major. Two pathways of 10-CHO-THF synthesis are known; in the first pathway, formate is added onto THF by formatetetrahydrofolate ligase (FTL). Alternatively, 10-CHO-THF is generated in two steps from 5,10-methylene-tetrahydrofolate (5,10-CH2-THF): through oxidation to 5,10-methenyltetrahydrofolate (5,10-CH THF) by a methylene-tetrahydrofolate dehydrogenase (DH), and then hydrolysis to 10-CHO-THF by methenyl-tetrahydrofolate cyclohydrolase (CH). In humans 10-CHO-THF is generated in the cytosol through either pathway by the trifunctional DHCH/FTL protein encoded by MTHFD1, often referred to as C1-THF synthase. In contrast the human mitochondrion contains a bifunctional DHCH and a monofunctional FTL. In L. major, 10-CHO-THF is generated in the cytosol by a bifunctional DHCH and a monofunctional FTL.
isoforms, one located in the cytosol and one in the mitochondrion [8, 9] . In humans the trifunctional enzyme is cytosolic [10] while a bifunctional DHCH [11] and a monofunctional FTL are found in the mitochondria [12, 13] . The coordination of 10-CHO-THF metabolism between these two compartments is thought to depend primarily on the shuttling of metabolites such as glycine, serine and formate [2] . However the situation may be more complex, as while initial studies suggested that reduced and polyglutamylated forms of tetrahydrofolate did not cross the inner mitochondrial membrane [14] [15] [16] , recent studies suggest that trafficking of various C1-THF derivatives may occur in several species [17] [18] [19] .
In the trypanosomatids the metabolic pathways using and producing 10-CHO-THF differ in several respects from those of their mammalian hosts. These parasites lack de novo purine biosynthesis and instead obtain purines through salvage pathways [20] . Therefore the major function for 10-CHO-THF that remains in these organisms is the production of fMet-tRNA Met [21] . While tRNA formylation has not been studied in Leishmania, it has been characterized in Trypanosoma brucei, where it shows a number of unusual properties. Firstly, the trypanosomatid mitochondrial genomes do not encode tRNAs, all of which must be imported from the cytosol [22] . Secondly, following import into the mitochondrion, the cytosolic elongator tRNA Met-e acts as either an elongator tRNA Met , or is formylated and used as an initiator tRNA Met ; remarkably, the tRNA Met-i was not used in the trypanosome mitochondrion [23] . Lastly, methionyl-tRNA formylation is required for binding of the fMet-tRNA Met to initiation factor 2, and appears to be essential in trypanosomes [24] . In contrast, the requirement for initiator tRNA Met formylation appears highly variable in evolution; while initially considered essential in bacteria, later data suggested otherwise [25, 26] . In some eukaryotic species it may be essential, in others it is dispensable, but aids growth in some circumstances [27] [28] [29] [30] .
Previous genomic predictions of trypanosomatid folate metabolism suggested that 10-CHO-THF is synthesized by a bifunctional DHCH (DHCH1) in Leishmania, T. brucei and T. cruzi, as well as by a monofunctional FTL in Leishmania and T. cruzi [21] . We showed previously that the L. major DHCH1 is essential for parasite survival, although its loss could be rescued by FTL overexpression [31] . This identified 10-CHO-THF as an essential metabolite and established that its metabolism is a validated drug target. In this study we used database mining to fully catalog the DHCH and FTL gene families in the Trypanosomatidae, revealing the existence of a second family of DHCH homologues (DHCH2) in some Leishmania species and T. cruzi, but absent in L. major and T. brucei. Several of these DHCH2 proteins bear N-terminal extensions that resemble mitochondrial targeting sequences and the L. infantum DHCH2 was indeed shown to be a mitochondrial protein. We then studied the function, role in sensitivity to antifolates and compartmentalization of the DHCH1 and FTL in Leishmania major. We found that the L. major FTL exhibits the expected enzymatic activity in vitro, but this enzyme was not inhibited by any pteridine analogues tested. A null ftl − mutant L. major was produced by homologous replacement, with no detectable effect on growth, drug sensitivity, differentiation or infectivity in a susceptible mouse model, eliminating FTL as a unique drug target. However, nutritional studies suggest that this enzyme may play a role in the ability of Leishmania to withstand serine or glycine starvation. Interestingly, our data establish that L. major FTL and DHCH1 are localized to the cytosol and cannot be detected in the mitochondrion. As the only known essential use of 10-CHO-THF is in the mitochondrion, this suggests that L. major differs from mammals in that its survival may depend on mitochondrial 10-CHO-THF uptake.
Materials and methods

Reagents
(6-R,S)-Tetrahydrofolate (THF) monoglutamate was obtained from Schircks Laboratories (Jona, Switzerland). Blasticidin (BSD) and G418 were from Invitrogen (San Diego, CA) and nourseothricin (SAT) was from Werner BioAgents (Jena, Germany). The DHCH inhibitor 5,10-CO-THF was synthesized as described [31] . All other chemicals and reagents were of analytical grade. [32] were routinely grown as promastigotes at 27 • C in M199 medium (US Biologicals) supplemented with 40 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) pH 7.4, 50 M adenosine, 1 g ml −1 biotin, 5 g ml −1 hemin, 2 g ml −1 biopterin and 10% (v/v) heat-inactivated fetal calf serum. Growth under semidefined conditions used RPMI medium (Gibco-BRL) supplemented with 30 mM HEPES pH 7.4, 62.5 M adenosine, 2 g ml −1 biopterin, 5 g ml −1 hemin and 1% (v/v) heatinactivated fetal calf serum. The infectivity of wild-type (WT) and ftl − cell lines was determined by infection of 1 × 10 5 metacyclic parasites (purified by negative selection with peanut agglutinin [33] into the foot-pads of susceptible BALB/c mice, followed by measurement of lesion growth [34] .
Parasite growth and virulence
L. major Friedlin (MHOM/IL/81/Friedlin) clone V1 or the L. donovani Bob clonal derivative of L. donovani strain 1S2D (MHOM/SD/62/1S-CL2D)
Molecular cloning of FTL and DHCHs
The FTL coding sequence was amplified with recombinant Pfu DNA polymerase (Strata-gene) from L. major genomic DNA, which was prepared by the LiCl mini-prep method [35] using the primers SMB3537 and SMB3538, which added 5 NdeI and 3 sites, respectively (oligonucleotides are described in Table S1 ). The amplified product was inserted by blunt-ended cloning into pCR.blunt (Invitrogen), according to the manufacturer's protocol, to create pCR.blunt.FTL. This plasmid was digested with NdeI and BamHI and the fragment released subcloned between the NdeI and BamHI sites of pET15b (Novagen) to create pET15b.LmjFTL (B5885). pXG-FTL (B5917) was created by excising the FTL ORF from pCR.blunt.FTL by digestion with BamHI and insertion into the BamHI site of the pXG vector [36] . The C-terminal GFP L. infantum DHCH1 and DHCH2 fusions were created by amplification of the respective ORFs from genomic DNA (primers SMB3601/SMB3597 and SMB3602/SMB3599, respectively). These primers added a 5 BamHI site and replaced the stop codon with an EcoRV site, allowing cloning as an in-frame fusion with GFP in the vector pXG-/GFP+ (B2863), yielding constructs pXG-LiDHCH2-GFP (B6326) and pXG-LiDHCH2-GFP (B6327). The L. donovani DHCH1 and DHCH2 genes were amplified with the same primers as the L. infantum genes, cloned into pCRblunt as before and then sequenced using the M13 primer sites located in the vector. The L. donovani genes were amplified a second time and the PCR product sequenced directly, to confirm that the clones sequenced were not mutants. These sequences were deposited in GenBank, with the accession numbers FJ487909 and FJ487910. Similarly, the pIR1.PHLEO-LiDHCH1 and pIR1.PHLEOLiDHCH2 constructs (B6328 and B6329, respectively) were created by amplification of the respective ORFs from genomic DNA using the primers SMB3601/SMB3598 and SMB3602/SMB3600, respectively. These added flanking BamHI sites to the genes, allowing subcloning into the BglII site in the pIR1-PHLEO vector.
Expression and purification of recombinant LmjFTL
pET15b-LmjFTL DNA was transformed into E. coli strain Rosetta2(DE3)pLysS. Cells were grown at 37 • C in 800 ml LB media containing 100 g ml −1 carbenicillin and 12.5 g ml −1 chloramphenicol to an OD of 0.6. Expression was induced for 4 h with 1 mM isopropyl-␤-d-galactopyranoside and the cells then harvested and frozen. Cells were thawed on ice and resuspended in 30 ml of lysis buffer (75 mM Na-phosphate, pH 7.5, 500 mM NaCl, 1 mM benzamidine, 3 g ml −1 leupeptin, 250 M 4-(2-aminoethyl) benzenesulphonyl fluoride, 10 U ml −1 DNAase I (Sigma), 10,000 U ml −1 lysozyme (Sigma), 1 mM 2-mercaptoethanol). The cells were then lysed by sonication (4× 30 s bursts), with cooling to <4 • C between pulses. After centrifugation (30,000 × g, 1 h, 4 • C), clarified extract was applied at 2 ml min −1 at 4 • C to a nickelcharged 20 ml (1.2 cm × 11 cm) Ni-NTA chelating agarose column (Qiagen) equilibrated with buffer A (50 mM Na-phosphate, pH 7.5, 200 mM NaCl). Unbound protein was removed by washing with 50 ml of this buffer. Retained proteins were eluted with a linear gradient at 1 ml min −1 of 0-100% of buffer B (50 mM Na-phosphate, pH 7.5, 200 mM NaCl, and 500 mM imidazole).
Enzyme assays
FTL activity was measured using a temperature-controlled Beckman DU-640 spectrophotometer, essentially as described [37] . Assays were carried out in a 0.5 ml volume at 30 • C and contained 25 mM K + -HEPES, pH 7.5, 1 mM THF, 200 mM sodium formate, 100 mM KCl, 10 mM MgSO 4 and 5 mM ATP. Reactions initiated by the addition of enzyme and stopped by the addition of 500 l 0.5 M HCl. The 5,10-CH THF produced was quantified at 350 nm, using a extinction coefficient of 24.9 mM −1 cm −1 . Background rates were subtracted from all data and at maximal substrate concentrations were less than 2% of the enzymatic rate. THF was dissolved just before use in 250 mM triethanolamine-Cl, pH 7, 40 mM 2-mercaptoethanol. Enzyme inhibition was measured using the same assay, with stocks of hydrophobic diaminoquinazolines and diaminopteridines dissolved in DMSO. Inhibition was expressed as a percentage of a no-drug DMSO control. DHCH activity was assayed as described previously, using either 1 mM NAD+ or 1 mM NADP+ in the reaction mixture [31] .
Generation of ftl − null mutants
Fusion PCR was used to generate the two targeting constructs, containing either Blasticidin (BSD) or nourseothricin (SAT) drugresistance cassettes inserted between the 5 and 3 LmjFTL flanking sequences [38] . First, the flanking sequences and drug resistance cassettes were amplified separately by PCR using primers that produce overlapping ends. The 5 and 3 LmjFTL flanking sequences (842 and 781 bp), were amplified using the primers SMB2651/2652 and SMB2653/2654 that added an XbaI and NdeI site, respectively. BSD and SAT drug-resistance cassettes (399 and 526 bp) were amplified using the primers SMB2555/2556 and SMB2630/2631. The final targeting construct was then made by mixing the purified PCR products for the flanking sequences and a drug-resistance cassette and using these products as templates in a second round of PCR with the external primers 2651 and 2654. These targeting fragments were then inserted by TA cloning into pGEM-T (Promega), yielding pGEM-T.5 .BSD.3 .LmjFTL (B5897) and pGEM-T.5 .SAT.3 .LmjFTL (B5896). The sequences of these constructs were confirmed. These DNAs were digested with XbaI and NdeI, and the BSD or SAT targeting fragments (1.9 or 2.0 kb, respectively) were gel-purified.
Parasite transfection was performed as described [39] . First, the BSD or SAT targeting fragments were electroporated separately into WT L. major FV1 promastigotes, and colonies were obtained following plating on semisolid M199 medium containing 10 g ml −1 Blasticidin or 100 g ml −1 nourseothricin, after 1-2 weeks. Clonal lines were generated and PCR tests confirmed the presence of heterozygous+/ FTL::BSD or +/ FTL::SAT lines, respectively, using a forward primer located 5 of the FTL ORF targeting fragment (2729) and a reverse primer located within the BSD or SAT genes (2556/2631), or a reverse primer located 3 of the FTL ORF targeting fragment (2730) with a forward primer located within the BSD or SAT genes (2555/2630).
For deletion of the second allele, heterozygous+/ FTL::BSD or +/ FTL::SAT clonal lines were transfected with targeting constructs containing SAT or BSD, respectively, and parasites were plated as before on media containing both antibiotics. Recovery of the planned replacements was confirmed by PCR using primer pairs specific for either the integrated drug resistance cassette (described above), and loss of the FTL confirmed using primers specific for the chromosomal FTL allele (3123/3124). Fourteen homozygous ftl − null mutants were characterized ( FTL::SAT/ FTL::BSD) nine from the SAT/BSD and five from the BSD/SAT construct transfections. One clone of each line, clone 1 from SAT/BSD and clone 4 BSD/SAT, which were termed ftl − (SB) and ftl − (BS), respectively, were studied further.
To restore FTL expression, ftl − (SB) L. major were electroporated with pXG-FTL (B5917) and plated on semisolid media containing 10 or 12.5 g ml −1 G418; clonal lines ( FTL::SAT/ FTL::BSD [pXG-FTL], referred to ftl − /+FTL) were recovered and the presence of the plasmid was confirmed by PCR from genomic DNA with primers specific for the NEO marker (2727/2728) and FTL open reading frame (3123/3124). Similarly, L. donovani pXG-DHCH1-GFP or pXG-DHCH2-GFP transfectants were isolated by electroporation of WT L. donovani and isolation of transformants on plates containing 12 g ml −1 G418.
To generate lines to test the ability of LiDHCH1 and LiD-HCH2 to rescue loss of DHCH1 in L. major, pIR1-PHLEO-LiDHCH1 and LiDHCH2 were linearized by SwaI digestion and electroporated into either WT or dhch1 − /+pXNG-LmjDHCH1 L. major [31] . This allows integration of the vector into the ribosomal small subunit locus. Transfectants were recovered by plating on semisolid media containing either 20 g ml −1 phleomycin for WT, or 20 g ml −1 phleomycin and 100 g ml −1 nourseothricin for the dhch1 − /+pXNG-LmjDHCH1 line. Single-cell sorting into standard M199 media was performed as described previously [31] .
Subcellular fractionation
Extracts from L. major WT, ftl − (SB), dhch1 − /+pXNG-FTL and FV1 pXG-GCVP-GFP parasites were prepared and fractionated as described [40] , yielding fractions enriched for mitochondrial and cytoplasmic proteins. Briefly, parasites in the log phase (10 8 cells) were resuspended in 500 l lysis buffer containing 125 mM sucrose, 50 mM KCl, 4 mM MgCl 2 , 0.5 mM EDTA, 20 mM K + -Hepes pH 7.2 and protease inhibitor cocktail (Sigma). The cells were lysed by sonication, and centrifuged at 12,000 × g for 20 min to obtain supernatant and pellet fractions. The pellet fraction was washed 3 times with lysis buffer. Protein concentrations were determined using the Bradford dye-binding assay.
Immunization and antibody purification
Polyclonal antisera were raised against purified FTL and LmjDHCH1 antigens by the commercial company Proteintech. Recombinant LmjDHCH1 was purified as described elsewhere [31] . Two rabbits were used for each antigen, with the primary injection being followed by four boosts, each 2 weeks apart. Prior to use, the anti-FTL antiserum was affinity-purified by binding to FTL protein that had been linked to cyanogen bromide-activated Sepharose 4B (Sigma), using a modified version of a published protocol [41] . All steps were carried at room temperature, using a rotating tube holder to keep the resin in solution. A 2 ml sample of the activated resin was washed in 10 ml 1 mM HCl and 10 ml water, and then incubated with 5.8 mg FTL protein in 3 ml 50 mM Na-phosphate, pH 7.5, 200 mM NaCl. This procedure gave a resin with a ligand density of 6.5 mg ml −1 . Unreacted cyanogen bromide groups were then blocked by incubation for 1 h with 10 ml 1 M ethanolamine pH 8, and unreacted protein removed by washing twice with 10 ml PBS and twice with 10 ml PBS containing 1 M NaCl. A 750 l sample of the FTL-resin was then incubated for 1 h with 12 ml anti-FTL antisera, washed again with 2× 10 ml in PBS and 2× 10 ml PBS containing 1 M NaCl, and bound antibodies eluted in 2 ml 100 mM glycine pH 2.7. The eluate was then rapidly neutralized by the addition of 100 l 3 M Tris, pH 8.4.
Western blot analysis
Proteins from sub-cellular fractions (5 g) were separated by electrophoresis on a 10% SDS polyacrylamide gel and electrotransferred onto nitrocellulose membranes (Hybond-ECL; Amersham Biosciences). A rabbit polyclonal antibody anti-GFP purchased from AbCam (Cambridge, MA) was used at a 1:10,000 dilution; antisera raised against LmFTL and LmjDHCH1 were used at a 1:1000 and 1:3000 dilution, respectively. Secondary antibodies conjugated to peroxidase were from Amersham Biosciences, and bound antibodies detected using the PerkinElmer Life Sciences chemiluminescence kit, following the manufacturer's instructions. The specificities of the antisera were assessed by comparisons between WT and mutant lines lacking either DHCH1 or FTL genes: ftl − (SB) above and also dhch1 − [31] . The relative molecular masses of the DHCH1 and FTL bands were calculated using a standard curve produced by a linear fit to the migration of the standards plotted against the reciprocal of their molecular mass [42] .
Immunofluorescence
Log-phase L. donovani expressing GFP-tagged LiDHCH2 were collected by centrifugation and resuspended in RPMI media containing Mitotracker Red CMXRos (Invitrogen; 125 nM) for 15 min. Parasites were then washed in media and fixed in 2% paraformaldehyde (in PBS) for 2 min, washed in PBS, and deposited on coverslips by centrifugation. The coverslips were then incubated in blocking buffer (PBS containing 0.1% (v/v) Triton-X-100 and 5% (v/v) normal goat sera) for 30 min prior to staining with a rabbit anti-GFP polyclonal antibody (Abcam, diluted 1:500 in blocking buffer) for 1 h. Following extensive washing in PBS, the coverslips were then stained with an Alexafluor488 goat anti-rabbit antibody (Invitrogen, diluted 1:1000 in blocking buffer) and Topro-3 (Invitrogen, 2 M) for 45 min. Coverslips were then washed again in PBS and mounted on ProLong Gold reagent (Invitrogen). Images were acquired on a Zeiss 510 META confocal laser scanning microscope and levels were adjusted with Photoshop software (Adobe). Leishmania major
Proteins whose cellular localization has been experimentally established are shown in bold. Assignment of other proteins to cytosol (c) or mitochondrion (m) is based upon the absence of N-terminal amino acid extensions, and/or PSORT II predictions. Dashes signify that related sequences were not found in blastp and tblastn searches of the genomes available (http://www.genedb.org). a The closely related species L. donovani was shown in Section 2.3 to contain DHCH1 and DHCH2; the presence of FTL was not surveyed.
Results
Phylogenomic profiling of trypanosomatid genes implicated in 10-CHO-THF synthesis
We used dehydrogenase/cyclohydrolase (DHCH) and formyl-THF ligase (FTL) sequences from both eukaryotes and prokaryotes to probe the trypanosomatid sequence database GeneDB for related genes (http://www.genedb.org/, searches were performed in October 2008). These searches yielded three groups, with two showing similarity to DHCHs and one related to FTLs. The predicted genes, key properties and their distribution within trypanosomatids are summarized in Table 1 . As the genomes for several of these trypanosomatids are incomplete, 'absent' assignments must be considered provisional. No genes related to DHCH or FTL were found in the predicted products of the trypanosomatid mitochondrial genomes.
A single FTL homolog was found in Leishmania species, Crithidia fasciculata and T. cruzi, while no FTL-related sequences were detected in the African trypanosomes T. brucei, T. vivax and T. congolense datasets (Table 1) . Comparison of the sequence of L. major FTL with that of FTL from the bacterium Moorella thermoacetica, where the structure of the enzyme is known [43] , showed an overall identity of 54%, and conservation of key amino acid motifs (Fig. S1 ). Of the eleven residues predicted to be involved in the active site of the M. thermoacetica enzyme, nine were identical in L. major with two conservative substitutions (E9D and T75S) (Fig. S1) . Phylogenetic analysis suggests that the trypanosomatid FTLs are related to those of eukaryotes, with the trees having a topology similar to that expected from organismal relationships (data not shown).
Two DHCH-related gene clusters were identified. The first, termed DHCH1, occurs in all trypanosomatid species and shows high levels of similarity to other eukaryotic DHCH enzymes (Fig. S2) . The L. major DHCH1 was shown previously to have the expected enzymatic properties [31] . The second, termed DHCH2, occurs as a pseudogene in L. major (LmjF22.0340, termed pseDHCH2) encoding a truncated product lacking amino acid residues that form part of the active site in the human MTHFD1 (Fig. S2 and [3] ). DHCH2-related sequences were not detected in L. braziliensis, T. congolense, T. vivax and T. brucei, but DHCH2 occurred in a seemingly intact form in L. infantum, L. mexicana and T. cruzi (Fig. S2 and Table 1 ). Unlike DHCH1s, most of the predicted DHCH2 proteins have short leader sequences resembling mitochondrial targeting peptides (for example, the PSORT II algorithm assigns L. infantum DHCH2 as mitochondrial with 57% confidence [44] ; Fig. S2 ). However, the T. cruzi DHCH2 lacks such an extension (Fig. S2) .
Alignments and phylogenetic trees of the predicted trypanosomatid DHCH1 and DHCH2 proteins with DHCH domains of prokaryotes and eukaryotes showed strong evolutionary conserva- tion (Fig. 2, Fig. S2 ). These studies clearly grouped trypanosomatid DHCH1s with tri or bifunctional DHCH enzymes from other eukaryotes. Trypanosomatid DHCH2s in contrast constituted a distinct group, associated with the human mitochondrial DHCH encoded by MTHFD2 and prokaryotic DHCHs in most evolutionary trees (Fig. 2 or data not shown). In contrast, compelling studies have established that the human MTHFD2 most likely arose from the trifunctional enzyme, as evidenced by homology of the MTHFD2 3 UTR with the FTL domain of the trifunctional cytosolic protein [45] .
Sequence alignments (Fig. S2) showed the presence of conserved residues implicated in substrate binding predicted from the human DHCH domain structure, including the active site tyrosine and lysine as well as neighboring amino acids, in both trypanosomatid DHCH1s and DHCH2s [3] . Importantly, trypanosomatid DHCH1s share the conserved residues that confer specificity for NADP+ in MTHFD1, most notably Arg173, which interacts with the coenzyme 2 phosphate group in the human enzyme [46] . This corresponds to the observation that the L. major DHCH1 (LmjF26.0320) encodes a NADP+-dependent DHCH activity [31] . However, the low level of conservation in the residues implicated in determining the specificity of cofactor binding in the human MTHFD2 or bacterial enzymes hinders the prediction of the specificity of the DHCH2 enzymes [47, 48] . While the predicted DHCH2 proteins contain insertions of approximately 100 residues, relative to bacterial or human DHCH domains, these differences would be predicted, by modeling against the human DHCH domain structure, to fall in an exposed 'loop'. However, despite the conservation of key catalytic residues in DHCH2s, we have as yet been unable to demonstrate enzymatic activity associated with the L. infantum DHCH2 protein (Section 3.8).
FTL activity and inhibition
L. major FTL was expressed in E. coli as a hexahistidine-tagged fusion protein and purified by metal-affinity chromatography, yielding preparations more than 95% pure by SDS-PAGE (Fig. 5A ). As expected, the recombinant FTL catalyzed the ATP-dependent production of 10-CHO-THF from formate and THF ( Table 2 ). The specific activity of the purified L. major FTL was 3.3 mol min −1 mg −1 , comparable to that reported for the FTL encoded by the cytosolic human C1-synthase (12.5 mol min −1 mg −1 ) [49] . The lack of saturation observed with THF-monoglutamate is also seen with human mitochondrial FTL and the rabbit liver C1 synthase, where this results from a preference by these mammalian enzymes for the polyglutamylated form of THF [13, 50] .
A selection of pteridine analogues was tested as inhibitors at a concentration of 100 M. No inhibition was observed with methotrexate or with two hydrophobic pteridine analogues, 2,4-diamino-6-(3,4-dichlorophenoxy)-quinazoline or 2,4-diamino-6-benzyl-5-(3-phenylpropyl)-pyrimidine (numbered 34 or 70, respectively in Ref. [51] ). These pteridine analogues were previously characterized as potent inhibitors of both the L. major dihydrofolate reductase and pteridine reductase 1, but have additional uncharacterized targets in Leishmania [51] . We also tested N5-N10-carbonyl tetrahydrofolate, a DHCH inhibitor active against mammalian and L. major DHCH1 [31, 52] , which failed to inhibit FTL activity when tested at 100 M (data not shown).
Generation of ftl − null mutants and FTL overexpressors
Leishmania are predominantly diploid and therefore require two rounds of gene targeting to generate null mutants [53] . The ORFs of the two FTL alleles were deleted sequentially by homologous gene replacement, and replaced by BSD and SAT drug-resistance ORFs [53] . The null mutants were viable and control PCR tests confirmed the absence of the FTL and the generation of the planned SAT and BSD replacements (Fig. S3) . Restoration of FTL was achieved by introduction of an episomal FTL expression construct, yielding add-back lines termed ftl − /+FTL. The null mutants and the add-back promastigotes grew at rates similar to WT during in vitro culture (data not shown).
Differentiation and virulence of ftl − null mutants
The ability of two independent ftl − lines to differentiate into the infective metacyclic promastigote form in vitro was assessed by the peanut agglutinin assay [33] . Metacyclic promastigotes do not bind to this lectin and can thus be scored as peanut agglutinin negative (PNA − ) cells. Maximal numbers of metacyclics were observed 6 days after entry into stationary phase; at that time PNA − metacyclics comprised 18% of the WT cells, compared with 21% and 12% for two independent ftl − clonal lines. PNA − metacyclics were puri- fied from WT and the two ftl − lines and 10 5 were injected into the footpads of BALB/c mice, which are highly susceptible to L. major infection. All infections produced lesions which appeared at similar times and progressed similarly thereafter (Fig. 3) . FTL activity is therefore neither required for differentiation into the infective form of the parasite, the establishment of infection by metacyclics, nor for replication as amastigotes within the host.
Drug sensitivities of the ftl − null mutant and FTL overexpressor
We were interested in whether 10-CHO-THF metabolism might represent the uncharacterized target that was proposed as an explanation for the lack of effect produced by varying PTR1 and dihydrofolate reductase levels on the sensitivity of L. major to cytotoxic pteridine analogues [51] . Therefore we measured the sensitivity of WT, ftl − and ftl − /+FTL lines towards methotrexate and to the two hydrophobic pteridine analogues that were tested above for FTL enzymatic inhibition ( Table 3) . As expected, western blots confirmed that the episomal ftl − /+FTL line over expresses the FTL enzyme (Fig. S4 ). Despite these manipulations leading to either loss or over expression of FTL-dependent activities, no differences in drug sensitivity were seen amongst any of the lines tested (Table 3) .
Serine and glycine requirements of the ftl − null mutant and FTL overexpressor
Serine and glycine are interconverted in both the cytosol and mitochondrion by SHMT, which either generates or consumes 5,10-CH 2 -THF (Fig. 4B) . The 5,10-CH 2 -THF pool is influenced by the combined activities of FTL, DHCH, and the mitochondrial glycine The numbers shown are the mean ± standard deviation for two determinations. Compound 34 is 2,4-diamino-6-(3,4-dichlorophenoxy)-quinazoline) and compound 70 is 2,4-diamino-6-benzyl-5-(3-phenylpropyl)-pyrimidine) [51] . ftl − lines obtained by sequential BSD then SAT replacements (BS), or by SAT and then BSD (SB). cleavage complex (GCC), with these enzymes either incorporating formate into the C1-folate pool to supply 5,10-CH 2 -THF for serine biosynthesis, or converting the 5,10-CH 2 -THF produced during glycine biosynthesis back into THF. Therefore the effects of FTL ablation or over expression on the ability of L. major to grow at low levels of these amino acids were examined. The lines were first adapted to growth in a semidefined media containing 1% fetal calf serum. When placed in media containing reduced serine (1 or 2 mg ml −1 , 15-or 30-fold lower) or glycine (2 mg ml −1 , 5-fold lower) WT parasites showed reduced growth, with the lowest concentrations of serine and glycine inhibiting the growth to 13% and 16% of that seen with complete media (Fig. 4A) . The growth of the ftl − null mutant was strongly inhibited under these conditions, with glycine limitation preventing growth entirely (<1%) and serine limitation reducing growth to 10% of that of WT in complete media (Fig. 4A) . These effects were reversed in the control ftl − /+FTL line, which closely resembled WT (Fig. 4A) .
Localization of L. major FTL and DHCH1 to the cytosol
Antisera were raised in rabbits against purified L. major FTL and DHCH1 proteins, and their specificity confirmed by tests with WT and null mutants (Fig. 5B and C [31] ). Sub-cellular fractionation of L. major extracts by low-speed centrifugation yields a large particulate fraction (designated P), which is enriched for mitochondrial proteins, and a soluble fraction enriched for cytosolic proteins (designated S) [40] . Anti-FTL antisera recognized a band with a relative molecular mass (M r ) of 68 kDa in WT parasites, in good agreement with the predicted mass of 67 kDa, which was absent in extracts prepared from the ftl − mutant (Fig. 5B) . Importantly, the FTL band was present exclusively in the cytosolic fraction (S) with no reactivity in the particulate (P) fraction (Fig. 5B) . In contrast, a 42 kDa non-specific cross-reacting band (nsb) was localized exclusively to the particulate fraction, fortuitously providing a useful internal fractionation control. Anti-DHCH1 antisera recognized a protein with a M r of 30 kDa in WT parasites, in good agreement with the predicted mass of 32 kDa, and this band was absent in a dhch1 − /+FTL line (dhch1 − lines are not viable, but can be rescued by FTL overexpression [31] ). As with FTL, the DHCH1 protein was only detectable in the cytosolic fraction (Fig. 5C) .
As a mitochondrial protein control we examined the localization of a GFP-tagged glycine cleavage complex P-protein (GCVP) [40] . Western blotting with anti-GFP antisera revealed high levels of reactivity in the particulate fraction, as well as strong reactivity in the soluble fraction (Fig. 5D) . The GCVP-GFP band was not detected in WT parasites (not shown). The soluble GCVP-GFP signal presumably arises from breakage of organelles during cell lysis and extraction, as previous studies on this line using immunofluorescence had observed an exclusively mitochondrial localization [40] . Interestingly, the 'nsb' band in the FTL blot did not show this distribution, being localized entirely to the particulate fraction. This may reflect association of this unknown immunoreactive protein with other organelles, or perhaps associations with cell membranes or the cytoskeleton. Nevertheless, this does not detract from the use of the GCVP-GFP fusion protein to establish that this extraction method does localize a known mitochondrial protein to the particulate fraction. As a cytosolic protein control, an antibody against L. major pteridine reductase 1 localized this protein exclusively to the cytosolic fraction, as expected from this protein's lack of a predicted mitochondrial targeting sequence (Fig. 5E ). These data establish that in L. major, both DHCH1 and FTL are localized exclusively to the cytosol and are not detectable in the mitochondrion or other vesicular compartments.
L. infantum DHCH2 is localized to the mitochondrion
We were curious about the localization of DHCH2, given its potentially overlapping metabolic role with DHCH1, and possible mitochondrial localization. For these studies we turned to L. donovani, a closely related parasite used routinely in our laboratory. We sequenced the L. donovani DHCH1 and DHCH2, and found that the LdDHCH1 differed by a single conservative amino acid substitution from LiDHCH1 (Ala232 versus Thr232), while the DHCH2 proteins were identical. We then generated GFP fusions to the C-termini of L. infantum DHCH1 and DHCH2, expressed these in L. donovani, and visualized their cellular localization.
As expected from the studies above on L. major DHCH1, L. infantum DHCH1-GFP was detected throughout the parasite cytosol (data not shown). In contrast, the L. infantum DHCH2-GFP fusion protein showed a branched tubular pattern running the length of the cell, which is typical for proteins localized to the single large mitochondrion present in Leishmania. Co-localization was also seen with the parasite kinetoplast, but not the nucleus (Fig. 6A and C, merge  D) . To confirm this localization, cells were incubated with a fixable mito-tracker dye, which showed extensive co-localization with the LiDHCH2-GFP protein and the kinetoplast (Fig. 6A and B, merge D) . Thus we conclude that while DHCH1 is cytosolic, L. infantum DHCH2 is targeted to the mitochondrion. Thus far we have been unable to demonstrate enzymatic activity with LiDHCH2 expressed heterologously in L. major. We introduced LiDHCH1 and LiDHCH2 into WT L. major using integrating expression vectors (pIR1SAT), which yield high level expression of passenger genes due to insertion into the highly expressed rRNA locus. Using a spectrophotometric assay [31] , the NADP-dependent activity of the endogenous LmjDHCH1 in WT cells was barely detectable, with a specific activity of 0.07 ± 0.03 nmol/min/mg, while overexpression of LiDHCH1 increased this NADP+-dependent activity approximately 50-fold, to a specific activity of 3.7 ± 0.07 nmol/min/mg. As expected from the coenzyme specificity of LmjDHCH1 [31] , no NAD+-dependent activity was detected in WT or LiDHCH1-overexpressing extracts. In contrast, no increase in activity over WT was seen in extracts from the LiDHCH2-overexpressors, using either NADP+ or NAD+ as the coenzyme. Consistent with these data, preliminary tests using selection for the loss of an episomal rescue vector [31] suggested that the loss of LmDHCH1 from a L. major dhch1 − chromosomal null mutant was not rescued by LiDHCH2, but was rescued by LiDHCH1 (data not shown).
Discussion
L. major synthesizes 10-CHO-THF through a monofunctional FTL and a bifunctional DHCH1. Unlike their human host, the biosynthesis of 10-CHO-THF in L. major appears to be restricted to the cytosol.
Such compartmentalization of 10-CHO-THF biosynthesis is curious, since methionyl-tRNA Met formylation is the only reaction thought to require this metabolite in trypanosomatids, and this modification only occurs in mitochondrial methionyl-tRNA Met [23] . As FTL is not essential for the growth or virulence of L. major, this could either indicate that 10-CHO-THF is not an essential metabolite, or that the contribution of FTL to this pool is not significant. However, studies on the L. major DHCH1 have demonstrated that this gene is required for viability, and that dhch1 − null mutants could be rescued by overexpression of FTL [31] . These results argue strongly that 10-CHO-THF is indeed essential in Leishmania, but that FTL plays a secondary role under normal conditions. Consistent with this, we could find little difference in the distribution of C1-THF species in the WT, ftl − and ftl − /+FTL lines. 2 In humans, mitochondrial and cytosolic 10-CHO-THF metabolism has distinct functions, which arise from the different coenzyme specificities and localizations of the enzymes involved [2] . In the cytosol, the NADP+-dependent DHCH and FTL activities of the C1 synthase provide 10-CHO-THF for purine biosynthesis and supply 5,10-CH 2 -THF for serine biosynthesis. In the cytosolic compartment the high NADPH/NADP+ and ATP/ADP ratios will favor flux from formate to 5,10-CH 2 -THF. In contrast, in the mitochondrion the NAD+-dependence of the DHCH activity and the low ATP/ADP ratio instead favors conversion of 5,10-CH 2 -THF to formate, which is thought to make the mitochondrion a source of formate for cytosolic purine or serine biosynthesis under conditions when serine is limiting [2] . The second function of mitochondrial 10-CHO-THF is as a formyl donor in methionyltRNA modification, although the importance of this reaction in eukaryotic cells has been the focus of some debate [27, 28] .
In Leishmania the loss of purine biosynthesis has removed a major role for 10-CHO-THF metabolism [20] , with the provision of 5,10-CH 2 -THF for serine biosynthesis by SHMT and mitochondrial tRNA formylation the two remaining known functions. In serine biosynthesis the 10-CHO-THF pathway is reversed, with DHCH reducing 10-CHO-THF produced by FTL into 5,10-CH 2 -THF, which is then used by SHMT to convert glycine into serine [54] . Previous studies have shown that L. major requires serine for growth, and that growth at low serine concentrations could be restored by the provision of high concentrations of glycine and formate [40] . However, since serine is essential for the growth of WT L. major, this pathway appears insufficient under normal conditions [40] . Moreover, the lack of growth or virulence phenotypes in the ftl − null mutant indicates that this pathway is not required for the growth of promastigotes in vitro, or of amastigotes in vivo. Although the ability of Leishmania to use the cytosolic SHMT, FTL and DHCH1 to synthesize serine is not essential, this function could be useful under conditions of high C1-THF pathway flux, perhaps induced by serine limitation.
The remaining known metabolic role known for 10-CHO-THF is as a substrate for the formylation of the mitochondrial initiator methionyl-tRNA Met [21] . While not studied in Leishmania, methionyl-tRNA Met-e formylation appears essential for mitochondrial protein biosynthesis in the related trypanosomatid T. brucei [24] . Since both DHCH1 and FTL are located in the cytosol of L. major, and previous studies in T. brucei showed that the initiator methionyl-tRNA Met-e is formylated in the mitochondrial matrix [23] , this implies that 10-CHO-THF can be transported across the mitochondrial membrane in trypanosomatids. While there is some debate about the nature and extent of organellar C1-THF transport in other organisms [15] , recent studies in several species with some studies reveal evidence of organellar transport of C1-THFs including 5-CH 3 -THF and 5-CHO-THF [17] [18] [19] . Although the mammalian mitochondrial reduced folate transporter has been identified [55, 56] , its specificity is controversial and no other transporters specific for C1-folates have been identified [57] . If a 10-CHO-THF transporter does exist in Leishmania, it might present a target for inhibition, but such inhibitors would have to selective and not affect mammalian folate transporters. We emphasize that our data do not exclude the possibility that instead of 10-CHO-THF trafficking into the mitochondrion, this metabolite arises in situ by an entirely novel route. However, we favor the simpler transport hypothesis because of its agreement with data from other organisms, as well as the fact that the existence of a novel, hypothetical pathway for mitochondrial 10-CHO-THF biosynthesis in L. major would also require the existence of a novel, hypothetical, and essential function for cytosolic 10-CHO-THF, to explain why the cytosolic DHCH1 is essential [31] . Future studies will be required to address this possibility.
Our phylogenomic analysis further develops the initial genomebased view of the 10-CHO-THF synthesis presented by Opperdoes and Coombs [21] , extending to additional species, and identified a second family of DHCH homologues in the trypanosomatids. These DHCH2 genes are absent in L. major, L. braziliensis and T. brucei, but present in several other species of Leishmania, as well as in Crithidia and Trypanosoma cruzi. The predicted products of these DHCH2 genes retain residues that form the active site in the human MTHFD1 protein (Fig. S2) . However, thus far we have been unable to find any evidence for enzymatic activity of LiDHCH2 (Section 3.8). One unlikely possibility is that despite their sequence similarity to NAD(P)-dependent dehydrogenases, the DHCH2 enzymes might use non-nucleotide cofactors, such as direct donation of electrons to flavoenzymes in the respiratory chain or to ubiquinone in the inner mitochondrial membrane. This would not account for the inability of LiDHCH2 to rescue loss of LmDHCH1 in L. major in vivo however. Interestingly, the Leishmania and Crithidia DHCH2s have short N-terminal extensions that resemble mitochondrial targeting sequences, and our data show that an L. infantum DHCH2-GFP fusion protein was localized to the mitochondrion (Fig. 6) . One model consistent with these data would be that the evolutionary ancestor of Leishmania possessed a mitochondrial DHCH activity, which was lost independently in L. braziliensis and L. major. The forces leading to and the consequences of such a transition are not obvious based on current knowledge of Leishmania metabolism or of the roles of 10-CHO-THF in other organisms. This question could be addressed by future studies of DHCH2-containing species such as L. donovani. Intriguingly, the presence of a pseudogene in L. major that, if expressed, would produce a truncated protein containing only the N-terminus of DHCH2 is reflected in humans by the production of a short splice variant of the mitochondrial DHCH that encodes a similar truncated open reading frame [58] . However, the protein encoded by this alternative transcript has no detectable enzymatic activity and its function in humans is unknown.
The pathways of 10-CHO-THF biosynthesis seem much reduced in T. brucei, as neither DHCH2 nor FTL homologues are evident in this parasite's genome (Table 1 ). In addition, T. brucei cannot carry out 5,10-CH 2 -THF-dependent serine biosynthesis, since this parasite lacks SHMT [21] . However, consistent with our previous finding that 10-CHO-THF biosynthesis is essential in L. major, all the trypanosomatid genomes examined encode least one enzyme that can produce this metabolite. The retention of this biosynthetic pathway, combined with the probability that mitochondrial methionyl-tRNA formylation is essential in these organisms, indicates that 10-CHO-THF synthesis and mitochondrial C1-folate transport may occur in all these protozoa. This pathway may therefore represent a promising new area for chemotherapy in this family of human pathogens.
